Introduction {#Sec1}
============

Wettability of rocks is a crucial property in many aspects, such as controlling the location, flow, and distribution of fluids in the reservoir (Anderson [@CR1]). Moreover, studies have shown the effect of wettability in the electrical properties of porous media (Anderson [@CR2]; Elhaj et al. [@CR24]), capillary pressure (Anderson [@CR3]), waterflood behavior (Anderson [@CR4]), relative permeability (Anderson [@CR5]; Elhaj et al. [@CR25]), dispersion (Wang [@CR87]), simulated tertiary recovery (Anderson [@CR1]), irreducible water saturation (Anderson [@CR5]), and residual oil saturation (Anderson [@CR3]; Hirasakl [@CR40]). As it is known, wettability can be measured by contact angle (Yuan and Lee [@CR92]; Zisman [@CR94]), which has the ability to measure the angle of the wetting phase to solid. As the contact angle is a characteristic of the rock wettability, it is considered only an indication of rock wettability, which means a contact angle with much less than (90°) indicates high wettability. In contrast, the contact angle with a much larger angle than (90°) indicates low wettability. There are two types of contact angles: (1) static or (2) dynamic based basically on the movement or the stationary of the fluid and solid while the measurement takes place (Johnson et al. [@CR46]). Most studies refer to wettability by the degree of contact angles (Michaels and Lummis [@CR63]; Cassie and Baxter [@CR16]; Bartell and Cardwell [@CR6]). Based on this fact, the term "contact angle" used in this paper shall refer to wettability.

The hysteresis of wettability has a long history in the oil and gas industry (Haines [@CR38]; Benner et al. [@CR7]; Melrose [@CR62]). It was found in a previous study that the hysteresis that occurred in contact angle was akin to similar hysteresis that existed in petroleum engineering, such as capillary pressure hysteresis and relative permeability hysteresis (Johnson et al. [@CR46]). Therefore, when the interface between oil and water, for instance, gave two angles versus reservoir rock, advancing and receding of the water, this phenomenon of exciting of two angles for one system is well known as hysteresis of contact angle (Benner et al. [@CR7]). Other authors refer to the hysteresis term in wettability to the difference between these two angles (advancing and receding) (Gao and McCarthy [@CR34]; Extrand [@CR28], [@CR27], [@CR29]). Three cases can happen for a reservoir rock (Benner et al. [@CR7]) which can be shown graphically in Fig. [1](#Fig1){ref-type="fig"}:Fig. 1Schematic of three scenarios of hysteresis phenomenon in wettability (Benner et al. [@CR7])The two different angles were both less than 90°; the reservoir rock would be water-wet, and there would be a continuous movement of water forcing the oil out of the rock.The two different angles were both higher than 90°; the reservoir rock would be oil-wet, and there would be a continuous movement of oil, forcing the water out of the rock.The two different angles were on opposite sides (one was less than 90°, and the other was greater than 90°), and there would be no movement of liquid in either direction.

Despite the extensive studies that focused on investigating contact angle hysteresis, the fundamental reasons for this phenomenon are not entirely understood (Extrand and Kumagai [@CR31]). It is often referred to as surface heterogeneity (Ruch and Bartell [@CR74]; Good [@CR36]; Pease [@CR67]), roughness (Shuttleworth and Bailey [@CR80]; Eick et al. [@CR23]; Huh and Mason [@CR41]), overturning of molecular segments at the surface (Langmuir [@CR53]; Hansen and Miotto [@CR39]; Ter-Minassian-Saraga [@CR84]), adsorption and desorption (Vergelati et al. [@CR86]), interdiffusion (Timmons and Zisman [@CR85]; Good and Kotsidas [@CR37]), and or surface deformation (Bikerman [@CR9]; Lester [@CR57]). In the next two sections, essential experimental and theoretical techniques will be highlighted and discussed.

Physical explanation of hysteresis in wettability {#Sec2}
=================================================

To understand the physical cause of hysteresis in wettability, it is essential to have a good understanding of the physical explanation behind the occurrence of wettability itself. As it is known, the contact angle is considered one of the thermodynamic properties and it is commonly used to measure the wetting properties of two immiscible fluids (Xie et al. [@CR91]). From a physical point of view, contact angle can be measured and defined using the term "surface energy" in Young's equation (Xie et al. [@CR91]; Ryder and Demond [@CR75]). The contact angle is a function of three interfacial tension phases: (1) two-fluid phase, (2) solid drop phase, and (3) solid immersion phase.

Previous studies showed that contact angles measured macroscopically might differ from the intrinsic contact angle due to hysteresis phenomena (Eick et al. [@CR23]; Ryder and Demond [@CR75]; Dettre and Johnson [@CR21]; Restagno et al. [@CR72]). A justification of this phenomenon is that at a larger size of the drop, the advancing edge gives the contact angle against the low-energy areas of the surface. On the contrary, at a smaller size of the drop, the receding edge provides contact with the angle against the high-energy areas of the surface (Ryder and Demond [@CR75]). Another physical justification of contact angle hysteresis occurrences is when a droplet experiences an external force which is considered extra energy of a system (Cheng et al. [@CR18]). Moreover, molecular size and properties of liquid have also effect on contact angle hysteresis existence (Lam et al. [@CR51]).

Several parameters and properties influence wettability hysteresis, as reported in many previous studies. These parameters are listed but not limited to surface roughness (Xie et al. [@CR91]), surface geometries (Cheng et al. [@CR18]), drop size (Brandon et al. [@CR12]), liquid and solid surface composition (Ryder and Demond [@CR75]), molecular size and properties of liquid (Lam et al. [@CR51]), and solid--liquid contact time (Lam et al. [@CR52]).

Experimental observations of hysteresis in wettability {#Sec3}
======================================================

Many experimental techniques and methods were developed during the last decades to investigate and measure the hysteresis phenomenon in contact angles. These techniques can be divided into techniques that were measured on flat solid surfaces and others on different geometries (nonideal surfaces), such as plates, fibers, and powders (Chau [@CR17]). In another perspective, these techniques can be categorized in terms of static and dynamic conditions depending on the situation of the liquids during measurements (Yuan and Lee [@CR92]; Ralston and Newcombe [@CR71]). In this section, both perspectives, movement type and surface type, will be discussed briefly.

The most common method that is used to describe and measure the contact angle depends on observing the image of the drop by low-magnification optical devices (Chau [@CR17]). It is quite challenging to determine the degree of wettability with the low-magnification device. Additionally, keeping a surface clean in an open-air laboratory is almost an impossible task. An advantageous technique to keep surfaces clean and uncontaminated is abrasion and polishing underwater using scrupulously controlled conditions which is proposed and whose efficiency is proved (Wark and Cox [@CR88]).

A well-known technique that used to measure the tangent angle of the contact angle known as "telescope-goniometer" is used to determine the contact angles (Bigelow et al. [@CR8]) on a flat solid surface, as shown in Fig. [2](#Fig2){ref-type="fig"}. The same method was designed and modified by Zisman ([@CR95]). The eyepiece was used to measure the tangent of the drop and the surface contact point. Over the years, enhancements and improvements were made to improve the accuracy of angle measurements, such as magnifying (up to 50 times) the intersection profile which allows for better assessment as well as using a camera instead (Smithwich [@CR81]; Leja and Poling [@CR55]). Another study proved the sessile drop's angle could be measured up to the accuracy of ± 2° when the contact angle is higher than 20° (Hunter [@CR42]). A motor-driven syringe is employed in the experimental setup to control the liquid rate when measuring the dynamic contact angle was another development for this technique (Kwok et al. [@CR50]). The advantages of this method can be (1) simplicity, (2) small surface and a small amount of liquid are required to conduct this experiment. On the other hand, the disadvantages of this method can be summarized as follows:Fig. 2Sketch shows a telescope-goniometer technique for contact angle measurement (Salim et al. [@CR76])As the liquid size and surface are small, the possibility of the existence of impurities which may affect the reading of the angle is likely to be high (Yuan and Lee [@CR92]; Chau [@CR17]).This method entirely depends on the measurement of tangent line's angle that leads to significantly inaccurate measurements if a minor error occurs (Yuan and Lee [@CR92]).The focus of the camera only is toward the most significant drops (Yuan and Lee [@CR92]; Chau [@CR17]).Variations in contact angles' measurements happen when the flat surface is either heterogeneous or rough (Chau [@CR17]).The small size of the droplet leads to difficulties in measuring the contact angle (Brandon et al. [@CR12]; Letellier et al. [@CR58]).

Another popular method that is used for investigating hysteresis is a "tilted plate" or "inclined plate" introduced in the 1940s (Macdougall and Ockrent [@CR60]). Figure [3](#Fig3){ref-type="fig"} depicts a schematic of the inclined plate method. This technique is a modified version of the "telescope-goniometer" technique. The same method was used to study contact angle hysteresis on various types of polymer surfaces, such as silicon wafers and elastometric surfaces (Extrand and Kumagai [@CR30], [@CR31]). This technique used a recorded video camera and videotape to measure both angles using a protractor when the drop started moving; the tape was stopped. Measurements of these two angles must be taken carefully because most of the time, they can be different (Pierce et al. [@CR69]; Krasovitski and Marmur [@CR47]).Fig. 3Sketch shows the inclined plate technique for contact angle measurement (Puthenveettil et al. [@CR70])

In the early history of contact angle measurement, a platinum wire was used to measure contact angle hysteresis by forming sessile drops on a solid surface (Zisman [@CR95]). The drops were created by heating the wire and then putting it in a fluid to form the drops. The drop gently and slowly puts on a surface, building a sessile drop (Yuan and Lee [@CR92]). Despite the accuracy of reproducing the sessile drop that was be claimed (± 2°) (Spelt et al. [@CR82]), some concerns that moving the drop from the wire to the surface may cause some kinetic energy combined with the flowing, which may lead to metastable contact angles (Eick et al. [@CR23]; Derjaguin [@CR20]; Johnson and Dettre [@CR44]; Neumann and Good [@CR65]).

The tangentometer method is also known for measuring contact angle hysteresis, which uses a mirror that is seated at the baseline of the droplet (Yuan and Lee [@CR92]; Phillips and Riddiford [@CR68]). The role of the mirror is to rotate until the full curve of the drop is formed, and with its reflection image, the protractor that is adhered to the mirror can be used to measure the tangent line's angle. This method has the problem of the measurement errors because of the inherent subjectivity of tangentometers (Fenrick [@CR32]). The specular reflection from the drop surface by using a light source is another technique that can be applied to estimate the hysteresis of the contact angle (Langmuir and Schaefer [@CR54]). The light source is rotated around the droplet until the reflection from the drop dies; afterward, the contact angle can be read from the degree of the rotation. The accuracy of this method is (± 1°) and can be used for both sessile drops and menisci (Johnson and Shah [@CR45]).

Flat solid surfaces, horizontal or vertical, were the focus of the previous discussion, and general observations can be highlighted in these points:Contact angle measurement relies mainly on two factors, which are the surface quality and its cleanliness (Chau [@CR17]).When the contact angle is under 20°, it is difficult to measure, and most of the techniques give inaccurate estimation (Gaudin [@CR35]).Heterogeneity of the surface appears to be the biggest problem for the flat surfaces' measurement techniques (Extrand [@CR29]; Neumann and Good [@CR65]).Some techniques use a small droplet and surface, which may lead to inaccuracy in measuring the contact angle hysteresis (Bigelow et al. [@CR8]).

For the other type of surfaces, nonideal or different geometries, Table [1](#Tab1){ref-type="table"} summarizes, discusses, and analyzes the essential techniques that are used to measure contact angle hysteresis. In general comparison between these techniques, the most widely used technique that can be applied for most cases is the Wilhelmy balance method (Wilhelmy [@CR90]) because it can be used in static and dynamic contact angle measurements and is simple. In addition, most of the other techniques primarily originated from its fundamentals. Other studies considered temperature dependency on measuring the contact angle hysteresis, such as the captive bubble method (Taggart et al. [@CR83]) and capillary rise at a vertical plate method (Shimokawa and Takamura [@CR79]; Neumann [@CR64]; Budziak and Neumann [@CR14]; Kwok et al. [@CR49]). Some studies give very low error possibility, and others provide large error values under exceptional circumstances, such as capillary rise at a vertical plate method and individual fiber method (Schwartz and Minor [@CR78]), respectively. For more details about these techniques that used experiments to estimate the contact angle, see Table [1](#Tab1){ref-type="table"}.Table 1Review of nonideal geometry surfaces techniques for contact angle hysteresisTechnique namePrinciplesAdvantagesDisadvantagesReferencesCaptive bubble techniqueAn air bubble is created below a solid surface by injecting air into a fluidA needle is used to keep the bubble from driftingThe surface is in contact with a saturated atmosphereContaminated and clean surfaceEasy to study temperature dependenceIt requires more liquidLiquid causes the sabotage of the filmTaggart et al. ([@CR83])Tilting plate methodA meniscus is created on both sides of the plate due to immersing a plate into a liquidThe position of the meniscus to the plate must be horizontalThe contact angle is the angle between the plate and the horizontalIt is simple and does not depend on the operator's subjectivityLess error compared to others (only ± 5°)The disturbance of the liquid during the measurement is considered to be a significant problemZhang et al. ([@CR93])Wilhelmy balance methodIt moves flat plate up and down for measuring the contact angleIt depends on surface tension calculationsSimplestAccurate contact angle valuesIt is used for dynamic contact angle measurementA high-sensitivity electrobalance is neededThe plate must have a constant perimeterThe sample must have the same composition and topography on all sidesWilhelmy ([@CR90]), Santoso et al. ([@CR77]), Lund et al. [@CR59]) and Rohmer et al. ([@CR73])Capillary rise at a vertical plateCapillary height is determined by the integration of the Laplace equationCapillary height can be used to determine the contact angle.Accuracy up to (± 0.1°) can be obtainedThe surface tension and contact angle can be measured at the same timeThe temperature versus contact angles can be measuredThe surface tension should be knownInaccurate values if the liquid contains the surface-active agentShimokawa and Takamura ([@CR79]), Neumann ([@CR64]), Budziak and Neumann [@CR14]) and Kwok et al. ([@CR49])Individual fiberA fiber is put in a horizontal position in the microscopic fieldA goniometer eyepiece is a tool to estimate the contact anglesThe zero contact angle can be measuredThe homogeneity of the fiber surface can be testedSignificant errors occurred due to the small dimensions of the drop curvaturePractically, it is difficult to get accurate values when the depth of immersion is relatively smallSchwartz and Minor ([@CR78])Capillary penetration methods for particlesThe rate of a liquid penetration is monitoringA flat cake is created by compressing the powdersThe contact angle is measured from the liquid dropsIt gives better correlation results than the captive bubble techniqueIt can handle the presence of a porous architectureThe method depends on determining the effective capillary radius, which is difficult to measure accuratelyThe critical surface tension should always be higher than the surface tensionThe packing powder must be obtained in the capillary tubesWashburn ([@CR89]), Zografi and Tam ([@CR96]) and Lerk et al. ([@CR56])

Modeling of hysteresis in wettability {#Sec4}
=====================================

As been discussed in previous sections, hysteresis can be referred to the difference between advancing $\documentclass[12pt]{minimal}
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The literature on contact angle hysteresis has highlighted several mathematical models. As Extrand ([@CR28]) reported, the first model was developed by Cassie and Baxter ([@CR16]) and Cassie ([@CR15]), which is applied to heterogeneous surfaces and can estimate the values of advancing and receding angles as:$$\documentclass[12pt]{minimal}
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The model developed by Cassie is simple and very straightforward, and the primary assumption of this model is that the fluid will change the model surfaces. Still, this model and other models that originated from it failed to predict contact angle correctly (Dettre and Johnson [@CR21]; Gaines [@CR33]; Brockway and Jones [@CR13]) that is because all these models assumed that the apparent contact angle is controlled by the interfacial contact area between liquid and solid. Several studies have suggested that contact angles can be estimated by the interactions that occur at the contact line (Extrand [@CR27], [@CR28]).

More advanced models have been developed by Good ([@CR36]), Neumann and Good ([@CR65]), Johnson and Dettre ([@CR43]), Öpik ([@CR66]) and Marmur ([@CR61]). Most of these models employed geometry as a function; moreover, the surface roughness was also included. The effect of surface roughness and chemical nonuniformities on the wettability hysteresis was investigated mathematically. In these mathematical models, the geometries were assumed to be regular, such as the form of parallel stripes (Öpik [@CR66]). A previously published study that dealt with this assumption can be found in the Murmur\'s article, which contained a list of all previous references (Marmur [@CR61]). The reader may also refer to the study done by de Genes for more details (De Gennes [@CR19]).

An interesting study conducted by Brandon et al. ([@CR11]) modeled and simulated hysteresis phenomenon of three-dimensional sessile drops in equilibrium with a model of chemically heterogeneous smooth solid surface in which the energy is spatially periodic. The main assumptions of this model are: (1) the fluid and liquid are mutually immiscible, (2) gravity effect is neglected, and (3) contact angle is assumed to vary along the surface. To achieve stability, the dimensionless free energy of the system is given by:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma_{\text{sf}} \left( {x,y} \right) {\text{and}} \sigma_{\text{sl}} \left( {x,y} \right)$$\end{document}$ are solid--liquid and solid--fluid interfacial tension, respectively. As a conclusion for this result, the hysteresis was found to have existed in both the average contact angle (as a function of volume) and liquid--fluid interfacial curvature. Another conclusion of this study was a good agreement in calculating the drop shapes in three-dimensional Young and Young--Laplace equations. Although this study gave good results as well as better understanding in three-dimensional point of view, it had limitations, that is, the software that was used failed to investigate a large drop size of a bubble, which is the same disadvantage of the study that dealt with two-dimensional sessile drop (Brandon and Marmur [@CR10]). Several studies also considered the surface free energy of wetting as a function in mathematical models (Extrand [@CR27], [@CR28], [@CR29]; Extrand and Kumagai [@CR31]; Cheng et al. [@CR18]; Extrand [@CR26]).

Summary and conclusions {#Sec5}
=======================

Determination of solid surface tension is one of the most applications of wettability measurement, which was the focus of several studies for decades (Lam et al. [@CR52]; Neumann and Good [@CR65]; Marmur [@CR61]; Brandon and Marmur [@CR10]; Dettre and Johnson [@CR22]). However, most existing techniques rely on surface deformation, not surface tension, except for indirect methods that can deal with surface tension (Kwok and Neumann [@CR48]). The first model that correlated the contact angle and interfacial tension was proposed by Young. To test liquids on a solid surface, the surfaces need to be rigid, homogenous, smooth, and inert.

The main focus of most researchers when they studied the hysteresis of wettability was to allow a quick indication of surface hydrophobicity (Chau [@CR17]). Numerous methods that are widely applied in measuring the contact angle hysteresis were discussed and analyzed, such as the conventional telescope-goniometer method, capillary penetration methods for particles, and the Wilhelmy balance method. The applications and setbacks of these techniques are shaded.

Each technique has its advantages and disadvantages, as can be seen in Table [1](#Tab1){ref-type="table"}, but in general, the most widely used technique that can be applied for most cases is the Wilhelmy balance method (Wilhelmy [@CR90]). On real mineral samples, researchers found that the accurate method to estimate the contact angle is capillary penetration because of its quickness and easiness compared to techniques on flat mineral surfaces (Chau [@CR17]).

Numerous studies investigated and attempted to explain the reason for the existence of contact angle hysteresis mathematically and theoretically, which involved the drop volume (Marmur [@CR61]), complex surface geometries (Cheng et al. [@CR18]), and drop size (Brandon et al. [@CR12]). However, the investigators concluded that the geometric characteristics of the patterned surface are one of the vital factors in measuring hysteresis of wettability. Despite all these studies, the hysteresis of the contact angle is still not fully understood.

Hysteresis is a natural phenomenon that occurs in many disciplines, such as economics, biology, chemistry, physics, mathematics, civil engineering, electrical engineering, and petroleum engineering. Each discipline has its definition, and applications of hysteresis depend on the nature of conditions (Elhaj et al. [@CR24], [@CR25]).

The focus of this paper has been on investigating the hysteresis phenomenon experimentally and theoretically in wettability. However, the discussion and investigation of this property revealed the gap in the part of either experiment, theoretical or mathematical, generally, can be highlighted as:The limitations of the experimental studies such as special conditions, which made it inapplicable for others,Most of the experiments are conducted in laboratory conditions, not reservoir conditions,The mathematical models may have double integrals which makes it challenging to inverse the process mathematically, andThe analytical solution for such a model is complicated to be done, if not impossible.
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